A technique for optical control of the spatial distribution of laser-accelerated ion beams is presented. An ultrashort laser pulse, tightly focused to relativistic intensities on a thin foil target, drives a beam of MeV ions. An auxiliary, nanosecond laser pulse drives a shock and locally deforms the initially flat target prior to the main pulse interaction. By changing the properties of the shock-driving laser pulse, the normal direction of the ion emitting surface is locally manipulated and the emission direction is thereby controlled. In the future, this method could be used to achieve dynamic control of the ion beam divergence.
Proton and heavy ion acceleration, driven by ultraintense laser-plasma interactions in thin foil targets is currently drawing significant scientific interest. The generated beams have several attractive characteristics, such as high laser-toparticle energy conversion efficiency, 1 very low emittance, 2 and a small virtual source size. 3 Proposed applications of this potentially compact ion beam source include ion radiotherapy for cancer treatment, 4 isotope production for medical imaging techniques, 5 injectors for large accelerators, 6 and ignitors in laser-driven inertial confinement fusion. 7 Many different mechanisms can lead to the generation of fast ion beams. 8 At an intensity of the order of 10 19 W / cm 2 , rear surface sheath acceleration dominates and generates the most energetic particles. 9 Electrons, heated to MeV temperatures by the intense laser field at the front, traverse the thin foil target and establish exceptionally high ͑ϳTV / m͒ electrostatic fields at the rear surface. Hydrogen atoms, present on the target surface under typical experimental vacuum conditions, are rapidly field ionized and the protons accelerated. The direction of the accelerating field is defined by the target geometry and, for a plane target foil, the emitted proton beam is centered on the target normal axis, regardless of the laser incidence angle. By shaping the rear surface, it is possible to control the proton emission. In particular, numerical simulations and experiments have shown that a prefabricated concave or convex rear surface produce converging or diverging proton beams, respectively. [9] [10] [11] It has also been shown that the target foil can be significantly deformed by a shock wave, launched by amplified spontaneous emission ͑ASE͒ prior to the main pulse arrival, and that this dynamic deformation can, under oblique laser irradiation, significantly shift the proton beam emission direction. 12, 13 The first method for controlling the proton beam divergence requires prefabricated curved targets, a potential drawback for future applications requiring ultrathin targets 14 and high repetition rates. The second method facilitates dynamic control of the emission direction using standard flat foils, but is limited since the position and the spatial intensity distribution of the ASE are difficult to control independently of the main pulse. In the present experiment, schematically illustrated in Fig. 1 , a separate nanosecond laser pulse is used to drive a shock and locally shape the target foil prior to the main pulse interaction. By careful selection of the intensity, arrival time and position of this steering pulse relative to the main pulse, we control the local slope of the target rear surface and gain active control of the proton emission direction.
The experiment is performed using the 10 Hz multiterawatt laser at the Lund Laser Centre in Sweden. It is a Ti:sapphire system, based on the chirped pulse amplification scheme and operating at 800 nm, delivering for this experiment 600 mJ of laser energy on the target in a 45 fs ͓full width at half maximum ͑FWHM͔͒ pulse. The laser beam is focused using an f / 3 off-axis parabolic mirror to a 5 m ͑FWHM͒ spot, yielding an inferred peak intensity exceeding 4 ϫ 10 19 W / cm 2 . In focus, 3 m thick aluminum foils are positioned for p-polarized irradiation at 30°angle of incidence in the horizontal plane. To minimize the influence of ASE, a preamplifier and a saturable absorber for temporal pulse cleaning was added to the laser system to provide a main pulse to ASE intensity contrast ratio greater than 10 10 at 1 ns and 10 9 at 50 ps before the main pulse. These exceptional ASE conditions allow experiments using an artificial prepulse with intensity below 10 11 W / cm 2 . The shock driving steering beam is produced using a frequency doubled ͑yttrium aluminum garnet͒ Nd:YAG laser. a͒ Electronic mail: olle.lundh@fysik.lth.se.
FIG. 1.
͑Color online͒ Schematic illustration of the described method for active manipulation of laser accelerated ion beams. Prior to the main pulse interaction, a low intensity pulse ionizes and ablates the front surface of the thin foil target. The induced ablation pressure shocks and locally deforms the foil, shifting the emission direction of the proton beam generated by the high intensity laser pulse.
An 11 ns ͑FWHM͒ laser pulse is delivered on the target with an energy up to 50 mJ at 532 nm. To control the arrival time of the steering pulse, the Q switch in the Nd:YAG oscillator is electronically synchronized to the main laser pulse with a pulse-to-pulse jitter less than 200 ps. The relative delay between the main pulse and the half maximum of the rising edge of the steering pulse is varied between 3 and 12 ns. The steering beam is focused by a 200 mm focal length doublet lens, which has been rotated around the vertical axis in order to produce a horizontal line focus, 14 m wide and 230 m long. In this simplified geometry, proton deflection is expected only in the vertical plane.
The spatial distribution of the proton beam is diagnosed using CR39 plastic track detectors, covered by stripes of aluminum stopping filters in order to facilitate simultaneous recording of the spatial distribution above several threshold energies, up to 2.8 MeV. 12 The steering pulse arrives on the target prior to the main pulse and creates a plasma at the front surface. As the hot plasma is ejected into the vacuum, the induced ablation pressure locally shocks and deforms the target. The magnitude of the deformation depends on the driving laser intensity and on the time available for the target expansion following shock breakout. The emission direction of protons, accelerated from the deformed rear surface by the high-intensity laser pulse, depends on the local target normal direction. 9 To demonstrate active control of the proton emission direction, we systematically vary the intensity, delay, and position of the steering pulse.
Keeping all other parameters constant, we first scan the vertical position of the horizontal line focus relative to the high-intensity focal spot. As shown in Fig. 2 , we see no effect when the distance between the main pulse and the steering pulse is 30 m. This means that the width of the emitting region and the width of the local deformation do not overlap. When the steering pulse is positioned at ±15 m, the proton beam is significantly deflected. As expected, the protons are steered upward when the steering pulse is below the main pulse and vice versa. Note that protons of different energies are steered by approximately the same amount. This full beam steering is fundamentally different from the energy dependent beam deflection obtained previously using the intrinsic ASE pedestal 12, 13 and indicates that the entire proton source fits on the slope of the deformation. We also note that the number of protons in the deflected proton beams remain similar to the undeflected beams. When the two pulses overlap on the target, the divergence of the low energy part of the proton beam is significantly increased in the vertical direction. We interpret this to be due to the cylindrically convex shape of the emitting rear surface. 13 The absence of higher proton energies indicates that under these conditions, the area close to the peak of the deformation is not suitable for efficient acceleration. A reasonable explanation is the long preplasma scale length resulting from the ablation of the target front. This could increase the divergence of the electron beam driven into the target by the high intensity laser pulse but also reduce the front side reflection of refluxing electrons. Both effects reduce the electron density in the sheath at the rear surface and, thereby, also the magnitude of the accelerating field.
To model the proton emission direction we employ the quasi-two-dimensional scheme presented in Ref. 13 . The magnitude of the deformation depends on the time available for the laser-driven shock to transit the target and for expansion following shock breakout. The shock velocity, u s = c 0 / 2͑ ͱ 1+ +1͒, and the expansion velocity, u e = c 0 / ␣͑ ͱ 1+ −1͒, are derived from the equation of state of the target material. Here, = ͑4␣ / 0 c 0 2 ͒P depends linearly on the laser induced ablation pressure P, 0 is the density, c 0 is the sound speed, and ␣ is a dimensionless parameter of the order of unity. Neglecting transverse shock spreading and using a rectangular approximation of the laser pulse shape, the shape of the rear surface is z͑x , t͒ = max͑0,͕t − ͓L / u s ͑x͔͖͒u e ͑x͒͒, where t is the delay between the two laser pulses, x is the vertical position, and L is the target thickness. The induced pressure distribution ͑in pascal͒ is assumed to follow the intensity distribution ͑in W / m 2 ͒ as P͑x͒ = 1.3I͑x͒ 2/3 , according to the scaling given by Lindl.
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Using tabulated data for aluminum ͑ 0 = 2.7 g / cm 3 , c 0 = 5240 m / s, and ␣ = 1.40͒ and a Gaussian intensity distribution with a 14 m full width at half maximum, the shape of the target foil at the time of the main pulse arrival on target is calculated ͓see Fig. 2͑b͔͒ . The direction of the local target normal, shown by the solid line in Fig. 2͑c͒ , fits the measured data very well. The model indirectly gives an upper limit to the proton source size. The region in which the proton beam is steered has a width of 40 m so the proton emitting area must be smaller than 20 m for protons above the detection threshold ͑0.9 MeV͒. This is small compared to previous studies. 2 The reasons are the thinner targets and shorter pulses used in this experiment. We can estimate the expected source size by simply assuming that electrons, injected at angle , recirculate inside the target during the laser pulse and are ballistically reflected at the surfaces. After the laser pulse has passed, we estimate the sheath radius at the rear as R = r + ͑c + L͒tan . Here, r is the focal spot radius and is the half opening angle of the injected electron dis- Error bars indicate the relative beam positioning accuracy and the total spread of the deflection data over three consecutive shots. Representative data in ͑a͒ illustrates the quality of the deflected proton beams. The calculated shape of the foil when the main pulse arrives on target is shown in ͑b͒. The normal direction to this curve, the solid line in ͑c͒, fits the data very well.
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tribution. For a full opening angle of 30°and our experimental parameters, the predicted sheath diameter is 14 m, which agrees well with our experimental observations. We now keep the steering beam fixed at a 15 m offset below the main focal spot and vary the relative delay between the two pulses ͓see Fig. 3͑a͔͒ . As expected, the proton beam is deflected upward with a magnitude that increases with increasing delay. As in Fig. 2 , the magnitude of the deflection does not vary significantly for protons of different energies and the analytical model fits the data very well. Note that prior to shock breakout, we expect no proton beam deflection since the rear surface is unperturbed. Finally, we vary the intensity of the steering beam ͓see Fig. 3͑b͔͒ . Note that, even though the model qualitatively fits the data, target ionization is not included and at laser intensities close to or below the ionization threshold, the induced ablation pressure cannot be accurately estimated.
In conclusion, we have demonstrated a method for optical control of the spatial distribution of laser-accelerated proton beams. In this letter, we concentrated on the first-order application of the method, beam steering, but by using tailored intensity distributions, other aspects of the spatial distribution should be possible to control. We expect that a ring shaped beam can control the ion beam divergence and that the dynamic change of the target curvature can bring the proton beam to focus at an adjustable distance from the foil. Such control is very interesting for many applications such as studies of isochoric heating of dense plasmas and for the fast ignition approach to inertial confinement fusion. In addition, by controlling the divergence directly at the source, a higher charge could be delivered into the limited acceptance angle of the injection optics in a large accelerator. 
